Bacteriorhodopsin (bR) is the retinal protein functioning as a light-driven proton pump in Halobacterium salinarium. Photoisomerization of the retinal chromophore triggers the proton transport from the cytoplasmic side to the extracellular side of the membrane, and the electrochemical potential thus built up across the membrane is then used for ATP synthesis. 1 The proton transport is a cyclic process consisting of a series of intermediates, with lifetimes varying from picoseconds to milliseconds. 2, 3 bR could be a promising material for use in bioelectronics, because of its outstanding thermal, chemical, and photochemical stability. In view of this, the photoelectrochemistry of bR has attracted much attention recently.
Several works have so far dealt with the pH dependence of the bR photoresponse. The photocurrent polarity reversal at low pH 8, 9, 12 and the light-off photocurrent intensity loss at higher pHs 12 , were correlated with the proton release/uptake sequence in the bR photocycle. The pH profile of the photocurrent intensity, however, was not always compatible with the proton pump activity 13 of bR. Further, though pH buffers were used in some cases, their effects have not been elucidated in detail.
In the present work, we have closely examined the effect of buffer agents on the bR photoresponse to find a systematic correlation between them for the first time.
Materials and Methods
Purple membranes were prepared from cultured H. salinarium S9 according to the method of Oesterhelt and Stoeckenius 14 and were suspended in pure water until use. SnO 2 electrodes (Nippon Sheet Glass Co., with a 450-nm thick SnO 2 layer) were washed first with hot methanol, then treated with hot concentrated sulfuric acid, and rinsed thoroughly with distilled water. A 50-µl aliquot of the bR suspension, with an optical density of 1 at 570 nm for 1-cm pathlength, was deposited on a 1-cm 2 area of the electrode, and then dried at room temperature and humidity to obtain a bR-immobilized electrode.
The photocurrent measurement setup was essentially the same as the one reported eleswhere. 11 An Ushio Electric 500-W xenon arc lamp Model UXL-500D-O served as the light source. Infrared radiation was removed with a 18-cm pathlength water cell, and Toshiba Glass cut-off filters L-39 and G-55S were used to pass green light. A bR-immobilized electrode was mounted as a window (1 cm in diameter) of a photoelectrochemical cell. 4 (phosphate)/NaOH were used as buffer agents. The buffer concentration was changed from 0 mM to ca. 200 mM, holding the electrolyte pH constant. In the measurement of the pH dependence of the photocurrent, the buffer concentration was maintained at 50 mM. Figure 1 depicts typical photocurrent response patterns from bR on an SnO 2 electrode at different buffer concentrations. According to the custom in electrochemistry, the cathodic and anodic currents are given here in the downward and upward directions, respectively, in a manner opposite to the one taken in previous works. [4] [5] [6] [7] [8] [9] [10] At each buffer concentration, the light-on and lightoff photocurrents are cathodic and anodic, respectively, and these patterns are essentially the same as those reported previously. 11, 12 It is clearly noted that the buffer exerts significant effects on both the intensity and the rise/decay time constant of the bR photocurrent. Briefly, the photocurrent is smaller and the response is more rapid with increasing buffer concentration. These are to be discussed in detail in what follows.
Results and Discussion

Photocurrent patterns
Photocurrent intensity vs. buffer concentration
The amplitude of the light-on photocurrent is plotted in Fig. 2 as a function of the HEPES concentration. With an increase in the later, the photocurrent increased initially to a maximal value and thereafter showed a monotonous decrease. On the other hand, the photocurrent intensity was independent of the concentration of the supporting salt (Na 2 SO 4 ) from 100 mM to 400 mM (data not shown), indicating that the decrease of the photocurrent in Fig. 2 was not due to the change in the ionic intensity. Similar results were obtained also in Tris and phosphate buffer solutions (cf. Fig. 3 ).
We proposed a mechanism for the photocurrent generation from bR on an oxide-covered metal electrode as follows. 11 Protons released from excited bR in the interfacial region cause an anodic shift of the surface potential of the oxide electrode. Under the potentiostatic conditions as in the present measurement, the potential shift can take place only in the interfacial region, diminishing the band bending in the space charge layer. Such a change is equivalent, in terms of the potential profile in the space charge layer, to a cathodic polarization of the semiconductor electrode, giving rise to a transient capacitive (charging) current. The transient photocurrent at the onset of irradiation can be interpreted in this manner.
If this is the case, the extent of the interfacial pH 366 ANALYTICAL SCIENCES APRIL 1999, VOL. 15 change should govern the photocurrent intensity. An increase in the buffer concentration suppresses the pH change, and hence the photocurrent intensity decreases. In order to examine more closely the effect of buffer concentration on the photocurrent intensity, the reciprocal of the light-on photocurrent, 1/I, is plotted in Fig. 3 against the buffer concentration, for the three different buffers employed in this work. As is seen, 1/I is directly proportional to the buffer concentration in a wide range. This result is discussed below by invoking the buffer capacity.
The increment in the concentration of a strong base needed to change a unity pH of a buffer solution is given by: (1) where c, K′ a , and K w are the buffer concentration, the practical dissociation constant of buffer agent, and the ionic product of water, respectively. 15 The quantity d[B]/dpH is a quantitative measure of the buffering ability of a solution, and is known as the buffer capacity.
The second and third terms, which become important in strongly acidic and alkaline solutions, respectively, give the buffering ability of the solvent, water in this case. In the region between pH 3 and pH 11 these terms are negligible, and the buffer capacity is directly proportional to the buffer concentration.
The amount of protons released by bR molecules by turning the light on, and the time constant of the surface-to-bulk proton transfer, are almost constant in the presence of a sufficient amount of a buffer agent, because the proton pump activity of bR is not changed with the buffer concentration. change, ∆pH, by proton release/uptake by bR would thus be inversely proportional to the buffer concentration. Consequently, Fig. 3 indicates that the photocurrent intensity I well parallels ∆pH, arising from the proton release/uptake by bR. An SnO 2 electrode exhibits a near-Nernstian behavior against the electrolyte pH 16, 17 , and the shift in the surface potential therefore parallels ∆pH. The potential shift is equivalent, as mentioned above, to a cathodic potential step in the present system, giving rise to a transient cathodic charging current. In view of this, the amplitude of the cathodic charging current was examined as a function of the potential step width ∆V from 0 mV vs. Ag/AgCl, and the results are displayed in Fig. 4 . The current density was, as expected, directly proportional to ∆V, and this evidences that the cathodic charging current induced by pH change is also directly proportional to ∆pH.
The photocurrent intensity is weaker in the absence of a buffer agent than those with a small amount of a buffer (the range of c=0 -5 mM in Fig. 2) . It was reported that the proton transfer from the membrane to bulk phase was delayed in the absence of a mobile buffer. 18 This would decrease ∆pH/∆t, and the amplitude of the photocurrent is smaller in the absence of a buffer agent.
Response time vs. buffer concentration
The rise time of the light-on photocurrent in the absence of a buffer was 2 -3 times slower than that in the presence of a buffer (Fig. 1 A) . This is probably because the proton diffusion to the bulk phase lags behind the appearance of protons on the membrane surface in the absence of a mobile buffer, as reported previously. 18 In the presence of a buffer, the rise time was 4 -5 ms, which is nearly equal to the circuit time constant (ca. 4 ms) of the potentiostatic system.
The decay time of the light-on photocurrent is plotted 367 ANALYTICAL SCIENCES APRIL 1999, VOL. 15 in Fig. 5 as a function of the HEPES concentration. The decay time is long in the absence of a buffer, and is shortened with an increase in the buffer, to reach an almost constant value at ca. 20 mM. This behavior could be accounted for by considering that the decay of the light-on photocurrent results from the recovery of the interfacial pH to the initial value, and that the buffer agent mainly contributes to this recovery.
pH dependence of photocurrent in the presence and absence of buffer
The intensities of the light-on photocurrent in the presence and the absence of buffer agents were examined as a function of pH, and the results are depicted in Fig. 6 . The pH dependence in the absence of a buffer is similar to that of the bR proton pump activity. 13 In contrast, the behaviors in the presence of buffers are strongly dependent on the nature of the buffer. Figure 7 shows the pH dependencies of the ratio of the photocurrent intensity with a buffer (I) to that without buffer (I 0 ). As is seen, I/I 0 exhibits a minimum at ca. 7.7 for the HEPES buffer, ca. 8.3 for the Tris buffer and ca. 6.8 for the phosphate buffer. These are close to the pK′ a values (7.55, 8.3 and 6.8, at 50 mM in 0.1 M Na 2 SO 4 at 20˚C) of the corresponding buffer agents. Since the buffer capacity takes a maximum at pH=pK′ a , these results are in line with the view that the interfacial pH change, due to proton release/uptake by bR, and hence the photoresponse, is suppressed as the pH approaches the pK′ a of the buffer.
To summarize, the present work has demonstrated for the first time that the nature and concentration of a coexisting buffer agent exert a significant influence on the photoelectrochemical response of bR. This in turn provides further evidence that the photoresponse of bR in an electrochemical system originates, in contrast to that in other systems [19] [20] [21] [22] [23] [24] , in the proton release/uptake by bR molecules. The present measurement technique could prove to be useful in probing into the proton transfer processes in bR. 368 ANALYTICAL SCIENCES APRIL 1999, VOL. 15 
